First-principles calculations have been done to study the InVO 4 compound under pressure. In this work, total energy calculations were performed in order to analyze the structural behavior of the experimentally known polymorphs of InVO 4 : α-MnMoO 4 -type (I), CrVO 4 -type (III), and the wolframite (V). Besides, in this paper we present our results about the stability of this compound beyond the pressures reached by experiments. We propose some new high pressure phases based in the study of 13 possible candidates. The quasiharmonic approximation has been used to calculate the sequence of phase transitions at 300 K: CrVO 4 -type, III (in parentheses the transition pressure) → wolframite, V (4.4 GPa) → raspite, VI (28.1 GPa) → AgMnO 4 -type, VII (44 GPa). Equations of state and phonon frequencies as function of pressure have been calculated for the studied phases. In order to determine the stability of each phase we also report the phonon dispersion along the Brillouin zone and the phonon density of states for the most stable polymorphs. Finally, the electronic band structure for the low-and high-pressure phases for the studied polymorphs is presented as well as the pressure evolution of the band gap by using the HSE06 hybrid functional.
have been studied by using several techniques, [15] [16] [17] [18] [19] only the thermodynamic properties, 20 the vibrational spectra, 21 and the photoelectrochemical response 9 were reported for TlVO 4 .
In contrast, there have been more studies dedicated to study InVO 4 due to its potential for applications such as a catalyst for production of hydrogen by visible-light driven water splitting. Regarding phase V, the wolframite structure matches with the high pressure phase reported for other compounds with CrVO 4 -type structure such as InPO 4 and TiPO 4 . 33 Besides, this phase is considered as a natural high-pressure post-CrVO 4 -type structure in the phase diagram proposed for these kind of compounds. 6 Although the study performed by Errandonea et al. 25 is a novelty and present important information about the stability of this compound under pressure, other transitions could be observed at higher pressures than those reached in their experiments. Moreover, it has been demonstrated that theoretical studies can provide new insights about the stability of ABX 4 compounds under pressure, 1 which could help to explore and understand the behavior of vanadates beyond the wolframite phase.
As well as studies on the crystalline CrVO 4 -type structure of InVO 4 , there have been investigations dedicated to the study of other forms of this compound. In these efforts, it was reported the synthesis and characterization of InVO 4 nanotubes arrays. [34] [35] [36] It is interesting to mention that these arrays can present either the α-MnMoO 4 -type structure 34, 36 or the orthorhombic CrVO 4 -type structure, 36 whereas nanoribbons synthesized by hydrothermal process present the orthorhombic one. On the other hand, it has been reported that nanofibers of InVO 4 can present both structures. 37 These results show the importance of studying the known polymorphs of InVO 4 .
In an effort to get a better understanding of the behavior of InVO 4 at equilibrium and under pressure, we carry out ab initio calculations by considering first the well known experimental synthesized phases of this compound to determine the stability of each reported structure: InVO 4 -I, -III, and -V phases were studied. A complete description of the stable phases is presented in conjunction with the experimental data from literature. After, we go further and we put forward other possible high pressure phases for a range of pressure beyond the one reached in the experiments performed by Errandonea et al. 25 to determine the transition pressures at ambient temperature and the range of pressure stability of each phase by using the quasiharmonic approximation. We also report the evolution of phonon frequencies for the most stable polymorphs as well as the phonon spectrum and phonon density of states (phonon DOS) of each phase, which in turns will help us to determine the stability of each phase. In an effort to complement our study, we performed the band structure calculations for the most representative phases of InVO 4 .
The paper is organized as follows: In the next section, we give a detailed description of the computational procedure. 
Computational details
Calculations of the total energy were performed within the framework of the density functional theory (DFT) and the projector-augmented wave (PAW) 38,39 method as implemented in the Vienna ab initio simulation package (VASP). [40] [41] [42] [43] A plane-wave energy cutoff of 520 eV was used to ensure a high precision in our calculations. The exchange-correlation energy was described within the generalized gradient approximation (GGA) in the AM05 [44] [45] [46] formulation.
The Monkhorst-Pack scheme was employed to discretize the Brillouin-zone (BZ) integrations 47 with meshes 3×3×3, 4×3×3, 4×4×2, 4×4×4, and 4×4×2, which correspond to sets of 10, 8, 4, 16, and 8, special k -points in the irreducible BZ for the α-MnMoO 4 -type structure, CrVO 4 -type structure, scheelite, wolframite, raspite (SG: P 2 1 /a, No. 14, Z=4, CS: monoclinic; this phase is the low temperature monoclinic dimorph of stolzite), and AgMnO 4 -type structure (SG: P 2 1 /n, No. 14, Z = 4, CS: monoclinic), respectively. For the other phases considered in the high-pressure regime, we use the most suitable mesh for each case. In the relaxed equilibrium configuration, the forces are less than 2 meV/Å per atom in each of the Cartesian directions. This high degree of convergence is required for the calculations of vibrational properties using the direct force constant approach. 48 The phonon DOS, has been obtained from the calculation of the phonons in the whole BZ wih a supercell 2×2×2 times the conventional unit cell by using the PHONON software. 48 The calculations of phonon spectrum were done for several volume points: 8 (for a range of pressure from ≈0 to 7 GPa), 11 (from 3.6 to 35 GPa), 9 (from 22 to 51 GPa), and 6 (from 39.7 to 62
GPa) for the CrVO 4 -type structure, wolframite, raspite, and the AgMnO 4 -type structure, respectively. Temperature effects and zero-point energy have been included within the quasiharmonic approximation 49 through the calculation of the vibrational free energy, the method is well explained on references 50 and 51. The phase transitions at 300 K were obtained analyzing the Gibbs free energy for the phases under study. For the electronic structure the optimized crystal structures were used with a larger set of k-points. We also used the hybrid HSE06 24, 25 and, most recently, the wolframite (InVO 4 -V). 25 While phases I and III crystallize at ambient pressure, phase V was recently identified just under pressure. 25 Also, lately ab initio calculations were used to study phases III and V. 29 In order to determine the crystal structure and the relative stability of these phases at ambient and high pressure, we carry out the calculations of the simulations of these phases at different volumes.
The equilibrium volume and unit-cell parameters were calculated by minimizing the crystal total energy for different volumes allowing to relax the internal atomic positions and lattice parameters. The volume-energy data were fitted with a third-order Birch-Murnaghan equation of state (EOS). 56 As is shown in Fig. 2 (a) and (b) the lowest energy structure of InVO 4 belongs to the CrVO 4 -type structure followed by the α-MnMoO 4 -type structure and wolframite. 27 This phase has not attracted much attention, due to its low stability. However, it is well known that this phase resembles the structure of CrVO 4 -I
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and α-MnMoO4. 57 Therefore, a good description of this phase is needed, furthermore it could help to understand the α-MnMoO4 compound and other molibdates with the same structure. 58 The InVO 4 -I phase has eight f.u. in the unit cell. In this structure there are two nonequivalent positions for In and V and five oxygen positions (Table 2 ), which leads to several different In-O and V-O bond distances, as can be appreciated in Table 3 .
The values for In-O (V-O) range from 2.092 (1.671) to 2.267 (1.854)Å, in good agreement with experimental results. 28 In this structure, In and V atoms are surrounded by six and The CrVO 4 -type structure is the most studied phase of InVO 4 . We just mention that the structure consist of edge-sharing InO 6 octahedra along the c direction, the chains are linked together with VO 4 tetrahedra (Figure 1-a) . The tetrahedra and octahedra are more regular than in the α-MnMoO4 structure as can be inferred from the In-O an V-O distances displayed in two nonequivalent oxygen atoms in 8g and 8f positions, see Table 2 . As can be seen from Tables 1 to 3 our results are in good agreement with the experimental data reported in Refs.
and 25.
The structure of wolframite was widely studied for other compounds that crystallizes in this structure at ambient pressure, such as ABO 4 [A = Mg, Mn, Fe, Co, Ni, B = Mo, W]. 1, 30, [59] [60] [61] [62] Since the experimental data are reported above 8 GPa, our theoretical description of this phase will be done for the structure at 8.5 GPa. At this pressure there are remarkable differences between this phase and the others previously described. From bond distances in Table 3 , it can be deduced that polyhedra InO 6 and VO 6 , Fig. 1 (c), are more irregular than in phase III. The structure consist of alternating InO 6 and VO 6 octahedral units that share edges, forming zigzag chains building a close-packed structure. 30 These alternating chains are the reason of the highest bulk modulus of wolframite in comparison with phases I and III. In this structure, the VO 6 octahedra are less compressible than the In order to correlate our results with the experimental ones, 25 we used the coordinates of In
the reported triclinic P1 structure, 25 which could be described as a CuWO 4 -type structure (SG: P1, No. 2, Z = 2, CS: triclinic), 63 to calculate the stability of this phase against the wolframite. As seen in Fig. 2 (a) wolframite and CuWO 4 -type structure are energetically competitive, as a mater of fact it seems that CuWO 4 -type structure is a distortion of the wolframite one. According to Table 1 to 3 this distortion is small, so small that the difference in the results for phase transitions and phonons are almost negligible, as we will see in the next sections.
Phase transitions
To the best of our knowledge there are very few studies about the stability of InVO 4 under extreme conditions of temperature 24 and pressure. 25, 29 The X-ray diffraction pattern of InVO 4 in the CrVO 4 -type structure was reported from ambient temperature to 1023 K.
24
No phase transition in this range of temperature was reported, only a smooth increase in the unit-cell parameters and a significantly higher conductivity above 723 K were observed.
On the other hand, according to the high pressure studies from Ref. 25 the InVO 4 undergoes a phase transition at 7 GPa from the CrVO 4 -type structure to the novel polymorph wolframite, which has been designed as phase V of this compound. This phase transition was accompanied by a volume reduction of 14%. Another phase between III and V was also observed in the experiments performed by Errandonea et al. 25 This phase IV could not be well described because it appears as a minority phase in the X-ray patterns in a small range of pressure coexisting with phases III and V. As is explained in Ref. 25 , phase IV was never observed as a pure phase.
On the other hand, first-principles calculations were used to study the phase transition from CrVO 4 -type structure to wolframite. 29 Where a phase transition pressure of 5. The calculated energy-volume curves for the mentioned polymorphs of InVO 4 are illustrated in Fig. 2 (a) . The relative stability and coexistence pressures of these phases can be extracted by the common-tangent construction. 32 The pressure-enthalpy diagram for the considered structures shows that, besides the known polymorphs of InVO 4 , only the raspite, AgMnO 4 -type, and the CuWO 4 -type are competitive in the high-pressure range, see Fig. 2 (b). Hence, we only calculated the Gibbs energy for these structures. We have to remember that the calculation of Gibbs free energy by the procedure described in Section 2 is computationally expensive, reason for which we only get the Gibbs free energy for the most representative phases of InVO 4 . Figure 3 shows the pressure evolution of the Gibbs energy difference, ∆G, for the most representative phases at 300 K. of volume and lattice parameters as is shown in Fig. 4 and 5, respectively. We can see from patterns of scheelite-type structure do not fit with the experimental one. We also compare the simulated X-ray patterns of the products of decomposition of InVO 4 and we did not find an agreement with the diffraction patterns of InO+VO 3 . Hence, the description of phase IV will be left for a future work. According to our results, the wolframite and CuWO 4 -type structure has almost the same energy, where the CuWO 4 -type could be considered as a distortion of the wolframite; hence, the crystallographic parameters from the CuWO 4 -type structure are almost the same as the wolframite, see Table 1 to 3 and Figures 2 to 6. We will see in the next section that phonons from wolframite and the CuWO 4 -type structure are very similar.
In the transition from CrVO 4 -type to wolframite, InVO 4 has a large volume reduction of 17.5%, in good agreement with the experimental value (see Figure 4 ). This volume reduction is associated with a change in the coordination of the polyhedron around V, from VO 4 to 
Vibrational properties
Nowadays the lattice vibration studies, through the analysis of Raman (R) and Infrared (IR) spectra from experimental as well as theoretical methods, have become fundamental tools to understand the behavior of materials at ambient conditions and under extreme conditions of temperature and pressure. 32, 49 In particular, these studies help to determine and realize whether a phase transition takes place. In many cases the experimental and theoretical approximations are conjugated with great success to study AVO 4 compounds, see for example references 11, 75, 72, 76 and references there in; whereas in other circumstances the theoretical results serve as a guide for future experimental and theoretical studies.
33,66
In this section we analyze the lattice dynamics of InVO 4 in the phases III, V, raspite (VI) and AgMnO 4 -type (VII) by means of the calculated phonon frequencies at Γ point for each phase, their pressure dependence, and Grüneisen parameters as well as their dispersion relation along the Brillouin zone and phonon DOS.
The calculated and experimental R and IR frequencies at Γ point for the studied phases appear in Table 4 to 6, the pressure coefficients (dω/dP ,) and Grüneisen parameters [γ = -∂ (ln ω)/∂(ln V )] were also included. The phonon relation of dispersion and the phonon DOS are displayed in Fig. 7 . The vibrational modes of InVO 4 can be classified as internal or external modes of the VO 4 unit. The external modes correspond either to a pure translation (T ) or to a pure rotation (R) of the VO 4 unit. Whereas the internal modes of the VO 4 tetrahedra are ν 1 (symmetric stretching), ν 2 (symmetric bending), ν 3 (asymmetric stretching), and ν 4 (asymmetric bending). 33 The T modes are usually the lowest in frequency, the ν x modes are the highest in frequency, and the frequencies of the R modes are between those 
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DFT ω dω/dp γ ω dω/dp ω dω/dp γ ω dω/dp ω dω/dp γ T (B 3g ) 128. 36 According to the group theory analysis, the Cmcm space group of CrVO 4 -type structure has the following representation at Γ point: Γ = 5A g + 4B 1g + 6B 1u + 3A u + 2B 2g + 7B 2u + 4B 3g + 5B 3u . Where there are three acoustic modes: B 1u , B 2u , and B 3u , three silent modes A u , 15 infrared active modes: 5B 1u , 6B 2u , and 4B 3u , and 15 Raman active modes: 5A g , 4B 1g , 2B 2g , and 4B 3g . 33 As can be seen in Table 4 this phase presents two T and one ν 2 phonons that are characterized by a decrease of the vibrational frequency with pressure, i.e. negative of the CrVO 4 -type structure under pressure. The pressure evolution of Raman and IR modes of the studied phases is displayed in Fig. 8 (a) and (b) , respectively. The phonon dispersion for CrVO 4 , Fig. 7 (a) , shows no imaginary frequency. We also realized simulation of phonon dispersions up to ≈7 GPa and no significant changes were observed. As seen on the phonon DOS, phonons above 600 cm For wolframite the group theory predicts the following Γ phonon modes: Γ = 8A g + 10B g + 8A u + 10B u . Here 2B u and one A u infrared modes are acoustic, 18 are Raman (8A g + 10B g ) and 15 are infrared (7A u + 9B u ). The group theory predicts the same modes for CuWO 4 -type structure at Γ point. According to Table 4 both phases wolframite and CuWO 4 -type structure presents almost the same phonon frequencies at 6.44 GPa. Besides, we observed that phonon spectrum for both phases are very similar, reason for which we only include the spectrum from wolframite. 
Electronic properties
Density functional theory has been used with success to describe the electronic structure of ABO 4 compounds. 11, 60, 78 In particular, optical-absorption measurements in conjunction with ab initio calculations were used to study the electronic structure of zircon-type vanadates as function of pressure. Given the observed differences in the value of the electronic band-gap, we consider that this compound should be studied again both experimentally as well as theoretically.
In this section we describe the results about the electronic structure of the most stable polymorphs of InVO 4 and the pressure evolution of the energy gap. In order to obtain a better description of electronic structure, we performed the calculations by using the HSE06 In this study we observe significative differences when the electronic structure is calculated with the GGA AM05 and the hybrid HSE06 exchange correlation functional, being the most significative differences on the electronic band-gap values, the determination if the band-gap is direct or indirect, and the slope of the band-gap pressure coefficients. Unfortunately, there are no compelling experimental studies in the literature to support or disprove our findings. We hope that this work will serve to encourage the experimental scientists to study the electronic structure of InVO 4 at ambient conditions and under pressure.
Summary and Conclusions
We presented a first principles study of structural, electronic and vibrational properties of InVO 4 from ambient pressure to 62 GPa. The quasi-harmonic approximation has been used to obtain the Gibbs free energy and determine the phase transitions at ambient temperature.
Where a good agreement between our theoretical results and the reported experimental data was obtained. In our study we found that wolframite presents o drastic change in the interatomic bond distances in order to increase the coordination of In at elevated pressures, which has an important effect in the Raman and infrared phonon frequencies at Γ point, but also in the branches of the phonon spectrum in other points of the Brillouin zone. It has been observed that the characteristic acoustic B u infrared phonon mode of wolframite, the phonon mode that has negative pressure coefficient and Grüneisen parameter, softens completely around 14 GPa. Which is related with the instability of the wolframite phase as pressure increases. Besides, in our study two new high pressure phases were observed above 28 GPa, being the raspite and AgMnO 4 -type structure. As is known the last one was 
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